J Occup Environ Hyg by Seaman, Clara E. et al.
Comparison of the CAS-POL and IOM samplers for determining 
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Abstract
Float coal dust, generated by mining operations, is distributed throughout mine airways by 
ventilating air designed to purge gases and respirable dust. Float coal dust poses an explosion 
hazard in the event of a methane ignition. Current regulation requires the application of inert rock 
dust in areas subjected to float coal dust in order to mitigate the hazard. An alternate method using 
water sprays, which have been effective in controlling respirable dust hazards, has been proposed 
as a way to control float coal dust generated on longwall faces. However, the knockdown 
efficiency of the proposed water sprays on float coal dust needs to be verified. This study used 
gravimetric isokinetic Institute of Occupational Medicine (IOM) samplers alongside a real-time 
aerosol monitor (Cloud Aerosol Spectrometer with polarization; CAS-POL) to study the effects of 
spray type, operating pressure, and spray orientation on knockdown efficiencies for seven different 
water sprays. Because the CAS-POL has not been used to study mining dust, the CAS-POL 
measurements were validated with respect to the IOM samplers. This study found that the CAS-
POL was able to resolve the same trends measured by the IOM samplers, while providing 
additional knockdown information for specific particle size ranges and locations in the test area. In 
addition, the CAS-POL data was not prone to the same process errors, which may occur due to the 
handling of the IOM filter media, and was able to provide a faster analysis of the data after testing. 
This study also determined that pressure was the leading design criteria influencing spray 
knockdown efficiency, with spray type also having some effect and orientation having little to no 
effect. The results of this study will be used to design future full-scale float coal dust capture tests 
involving multiple sprays, which will be evaluated using the CAS-POL.
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Mining operations generate float coal dust (FCD), diameter <75 μm, which is transported by 
ventilating air designed to purge methane and other respirable aerosols from the mine 
airways. This float coal dust eventually settles on the floor, ribs, and roof of mine entries. In 
the event of a methane explosion, this dust may become re-entrained and, if sufficient 
concentrations exist, fuel a secondary dust explosion that may propagate throughout the 
mine.[1,2] FCD-related explosions were responsible for 18% of U.S. coal mining-related 
fatalities between 2001 and 2010.[3,4] In order to protect against potentially explosive 
concentrations of FCD, U.S. mine operators are required to maintain at least 80% 
incombustible material on all mine surfaces, which is achieved through the application of 
inert rock dust (e.g., limestone).[5] However, in the case of longwall mines it may be 
possible to reduce the amount of FCD that settles in the mine airways by developing 
strategies to limit the amount of dust that leaves the active mining face and enters the return.
Water sprays have proven to be an effective method for controlling thoracic (50% cut point 
10 μm) and respirable (50% cut point = 4 μm) dust=either by redirecting the dust or by 
actively knocking the dust from the air.[6] Scavenging of coal dust by water droplets arises 
through one of three modes of deposition: diffusion, interception, and inertial impaction.[7,8] 
Inertial impaction and diffusion both rely on the deviation of the coal dust from its 
streamline. For sub-micron particles, this occurs by diffusion.[9,10] Larger heavier particles 
have enough inertia to prevent them from following the curve of the streamline around 
individual water drops, resulting in collisions where the resulting agglomerate settles quickly 
out of the airstream.[10–12] Interception occurs when a particle that remains on its streamline 
strikes the droplet.[10,13] The collective measure of these three modes of deposition by a 
water spray is the collection or knockdown efficiency (KE) of the spray. Using respirable 
coal dust, it has been found that the KE of a spray is directly proportional to operating 
pressure, water flow rate, and droplet velocity, and inversely proportional to air flow rate and 
mean droplet diameter.[14–17] Increasing water pressure leads to increased droplet velocity 
and decreased droplet diameter, both of which improve KE. This trend does not increase 
indefinitely; it was found that, for an open air spray system operating at 2757 kPa (400 psi), 
the airflow generated by the sprays diluted the dust concentrations to the point where KE 
became greatly reduced.[18] Similarly, while smaller droplets tend to lead to increased KE, 
decreasing droplet size also leads to a decrease in droplet momentum, thus reducing the 
collision velocity and droplet penetration into the dust cloud, which can reduce the KE.
[16,19] Examination of nozzle type found that air atomizing and hollow cone sprays removed 
more respirable dust than flat fan or full cone sprays on a per-unit-volume-of-water basis.
[20,21] A more recent NIOSH study examined seven sprays commonly found in the mining 
industry by analyzing spray droplet size and mean droplet velocity in order to better 
understand dust capture effectiveness.[22] This study found that an increase in pressure led to 
an increase in droplet velocity and a decrease in droplet size. Additionally, this study found 
that droplet size was inversely related to induced airflow while droplet velocity was directly 
related to dust removal.
While detailed analyses have been conducted on the findings of these studies with respect to 
respirable dust, these findings need to be verified with respect to airborne FCD, as FCD 
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contains larger particles that may interact with the water sprays differently. Additionally, 
there is a relationship between the lean flammable limit and the size of dust particles, with 
smaller dust having increased flammability, indicating a need to further understand how the 
water sprays affect dust over different size ranges.[23–25] Previous studies that focused on 
characterizing respirable dust exposures used gravimetric techniques with respirable 
samplers to provide time-averaged mass concentration measurements as the primary method 
for determining spray efficiency. While gravimetric samplers capable of measuring total dust 
exist, they are unable to resolve the knockdown efficiencies on total airborne coal dust based 
on the size distribution and location of dust particles across the longwall entry cross section. 
To achieve simultaneous size distribution and location data, a real-time aerosol monitor must 
be used. Another benefit of real-time monitors is that test results can be evaluated 
immediately following the test completion, unlike gravimetric filters which may require 
multiple days for processing. Optical spectrometers can provide real-time measurements for 
a wide size range of aerosols, but require extensive calibration to ensure accurate particle 
sizing.[26–28]
NIOSH acquired a Cloud, Aerosol, and Precipitation Spectrometer (CAPS; Droplet 
Measurement Technologies Boulder, CO), which is designed for in situ atmospheric aerosol 
sampling and is capable of measuring real-time size distributions of atmospheric aerosols 
through forward light scattering.[29] The CAPS consists of two different instruments: the 
Cloud Imaging Probe (CIP) and Cloud Aerosol Spectrometer with Polarization (CAS-POL). 
The CIP measures particles in the 12.5–1.55 mm range, while the CAS-POL is able to 
measure particles size between 0.51 μm and 50 μm. The CIP was not used for this study 
because it is unable to resolve the morphology of sub-75 μm particles, while a depolarization 
module in the CAS-POL allows for classification of particle morphologies and composition.
[30–33] NIOSH calibration experiments of the CAS-POL using size-selected coal dust 
demonstrated that the CAS-POL was capable of sizing coal dust particles by analyzing 
forward light-scattering measurements with T-matrix (sub-1.5 μm) and ray tracing with 
diffraction on facets (RTDF) (1.5–75 μm) theories for irregular particles.[34] While the coal 
dust calibration tests focused only on the use of forward scattered light to estimate particle 
size, the current study also analyzes the backscattered and polarized light to classify 
particles according to shape and composition, as both coal dust and water droplets are 
present during each knockdown test. Therefore, it is necessary to distinguish between coal 
and water in order to accomplish the following two goals.
1. To determine the efficacy of using the CAS-POL as compared to the IOM 
samplers for investigating the KE of mining dust controls.
2. To examine the knockdown efficiency (KE) of seven different mining water 
sprays under different operating conditions.
The spray KE as measured by the CAS-POL will be statistically compared to the KE 
measured by IOM gravimetric samplers to determine the degree of agreement between the 
two methods, while the information obtained on the spray KE will be used to design a full-
scale water curtain for use in underground coal mines.
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All tests were conducted at a full-scale longwall gallery test facility at the National Institute 
for Occupational Safety and Health (NIOSH) Pittsburgh Mining Research Division. The 
simulated face is 38.1 m long by 5.5 m wide and 2.29 m high from floor to roof. Nineteen 
mock 1.8-m longwall shields cover the length of the longwall section, and a full-scale mock-
up Joy 7LS double ranging arm shearer is located approximately halfway between the 
headgate and tailgate of the testing gallery. Brattice curtain was suspended from the shields, 
spanning from shield 11 to shield 3, creating a tunnel 1.7 m high by 0.91 m wide that 
minimized irregularities in the airflow due to the shearer (Figure 1). Ventilation of the tunnel 
was set to 3.5 m/s.
FCD was introduced to the test section at the center of shield 9 near the entrance of the 
brattice tunnel. The release point was directed such that dust was ejected along the tunnel 
centerline 0.51 m from the underside of the shield canopy. Dust was generated by using a 
screw-type feeder system with coal dust funneled into an eductor that used compressed air to 
carry the dust through hoses to the release point in the gallery. The coal dust supplied to the 
feeder (mean: 23.02 μm, SD: 18.22 μm) was custom-milled to contain float-dust-sized 
particles. The screw feeder feed rate was adjusted so as to achieve an average respirable dust 
concentration of 6.0 mg/m3 as measured using a pDR-1000 real-time monitor 
(ThermoFisher Scientific, Waltham, MA) at the gallery tailgate. This dust concentration was 
similar to the levels observed during a longwall survey conducted by NIOSH researchers.[35]
Seven water sprays were selected for this study (Table 1). The sprays were attached in pairs 
to an adjustable angle mounting plate (ThorLabs Inc., Newton, NJ) that allowed the sprays 
to be positioned at 45° with or against the airflow. The mounting plates were magnetically 
attached along the tunnel centerline to the underside of shield 8, 1.5 m from the dust source. 
A second pDR-1000 was placed between the dust source and spray. The water pressure was 
set to either 552 kPa for single fluid sprays and 172 kPa for both water and air for the twin 
fluid spray during the low-pressure tests and 1104 kPa for single-fluid sprays and 345 kPa 
for the twin-fluid spray during the high-pressure tests.
Located between shields 2 and 3 was a planar motion system, as noted in Figure 1. The 
system consists of a 5-m horizontal track and a cart built out of 80–20 aluminum extrusion. 
The cart holds a custom-built vertical sled system with a 1.6-m range of motion. Both the 
cart and sled were driven by NEMA 34 high-torque stepper motors (Applied Motion, 
Watsonville, CA) capable of achieving a 20,000 micro-step resolution and controlled using 
STAC6 stepper drives (Applied Motion, Watsonville, CA) using serial commands. A custom 
LabVIEW virtual instrument was created to automate the motion of the cart and sled, 
allowing for precise and repeatable positioning of the sled, which carried the instrumentation 
used to evaluate the knockdown efficiencies of the spray.
The primary instrument used for measuring KE was the CAS-POL, which uses forward light 
scattering to measure particle sizes and polarized backscattered light to classify according to 
morphology and composition.[32] The CAS-POL uses sensors to collect forward (4–12°) and 
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backscattered (168–176°) light from each particle that passes through a laser beam with a 
wavelength of 658 nm. The forward detector is used to size the particles, while the 
backscattered light is split into parallel (P) and perpendicular (S) components for 
morphology estimations as described in the Data Analysis section below.
The secondary method of evaluating the spray efficiencies used total dust samplers to collect 
airborne dust during each phase of testing.[36] Three IOM samplers, each containing a 25-
mm quartz fiber filter and fitted with an isokinetic nozzle, were positioned 6.4 cm apart on a 
mounting bracket 10 cm above the CAS-POL portion of the CAPS instrument (Figure 1). 
Each sampler was connected to a critical flow orifice, regulating the flow through the 
sampler to 2 L/min. The filters were desiccated overnight and then conditioned for 24 hr in a 
temperature- and humidity-controlled clean room before weighing.
A full factorial design was used to test the effects of spray type, orientation, and pressure on 
the KE of each spray. Tests were replicated three times and order was randomized. Each test 
consisted of three phases: dust-only, spray-only, and knockdown (dust and spray). The 
tunnel was segmented based on EPA Method 1 into 15 equally sized windows.[37] 
Measurements were collected for one minute at the center point of each location for each 
test phase.
Data analysis
To determine the KE of each spray, coal particles needed to be distinguished from water 
particles during the knockdown phase of each test and then compared to the number of 
particles that occurred during the dust-only phase of the same test. Previous studies have 
compared the polarization ratio of different particles to determine particle type.[31,38–41] The 
polarization ratio, δ, is defined as
(1)
where P is the parallel polarized light and S is the perpendicularly polarized light. The CAS-
POL laser used in this study was linearly polarized; it is expected that an aspherical particle, 
such as coal dust, will scatter the S and P components unequally, distinguishing it from a 
water droplet.[42] The wide range of particle sizes and shapes measured in this study resulted 
in a larger degree of overlap between the optical signature of the coal dust and water than 
was expected. The dust-only and water-only phases were used to determine the size and 
polarization ratio values where only coal dust occurred. This was done by subdividing the 
data from the dust-only and water-only phases by the forward scattering count value and the 
polarization ratio. The step resolution used to subdivide the data was 10,000 counts for the 
forward scattering data and 0.1 for the polarization ratio. Regimes that consisted primarily of 
coal dust (at least 90%) were saved and applied to the data obtained during the knockdown 
phase. Any particle that resided in these locations during the knockdown phase was 
classified as coal. Once particle type and size were determined, spray KE by count was 
calculated as
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where NKnockdown is the number of coal dust particles counted during the knockdown tests, 
and NCoal is the number of coal dust particles counted during the dust-only test that do not 
occur in regions indistinguishable from water. An examination into the effects of 
misclassifying water by this method was conducted. KE by count was calculated during the 
knockdown phase first by assuming that all water particles dropped out before reaching the 
CAS-POL, and second by assuming that no particles of water dropped out before reaching 
the CAS-POL. The former case would provide a maximum underestimation, because some 
water would be misclassified as coal, thus reducing the apparent KE, while the latter case 
would provide a maximum overestimation as some coal particles would be misclassified as 
water. The KECAS-POL,count was then compared to these values and it was found that the 
calculated CAS-POL KE tended toward underestimation in 66% of the cases and towards 
overestimation in 33% of the cases.
Volume equivalent diameters of the water particles were estimated by Mie calculations using 
the scattering cross section measured by the CAS-POL.[43] For dust particles with scattering 
cross sections 1.5 μm, T-matrix theory was used to calculate the volume equivalent diameter 
of the coal particle, while dust particles larger than 1.5 μm were sized using the RTDF 
method. RTDF and T-matrix theories were selected for use with coal dust because they have 
been successfully used to estimate volume equivalent diameters from optical scattering cross 
sections for other types of faceted, irregularly shaped particles such as volcanic ash and 
mineral dust aerosols.[39,44,45] Using the volume equivalent diameters, the mass of each coal 
particle was estimated (ρ = 1.3738 g/cm3) and used to calculate an KE by mass 
(KECAS-POL,mass) for comparison to traditional gravimetric sampling methods such as the 
IOM sampler.[46] KE as determined by the IOM sampler was defined as
(3)
where MKnockdown is the mass of material collected on the filter during the knockdown 
phase, Mwater is the mass of material collected on the filter during the water-only phase, and 
MCoal is the mass of material collected on the filter during the coal-only phase.
During preliminary testing, it was found that the water used during testing left a measurable 
residue on the filters, which in some cases was significant enough to be confounded with the 
change in dust mass due to the control. Therefore, filters were also used during the water-
only phase to establish a correction factor for each spray. This correction factor was 
subtracted from overall mass measured on the filter during the knockdown phase to find the 
portion of the mass gain that was attributed only to coal dust. Due to the additional sizing 
information from the CAS-POL, KE values based on mass and count were calculated for 
three different ranges of particle sizes. Statistical analysis of the results was performed using 
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SAS 9.4 (SAS Institute Inc., Cary, NC) and a p-value of 0.05 was used as the threshold of 
significance.
Particle sizes bin selection
The numbers of particles counted for each test phase for all the tests conducted are shown in 
Figure 2. The particles were separated into three different size bins for this study. The first 
bin was set to include particles ≤4 μm. This threshold was chosen as it represents the 50% 
cut size of the international definition for respirable aerosol sampling.[47,48] The second bin 
size consisted of particles >4 μm and ≤20 μm. The threshold of 20 μm represents the 98th 
percentile of lognormal distribution that fits the frequency histogram for particles greater 
than 4 μm, and matches the 50% cut point of an airborne dust sampling cyclone used during 
NIOSH FCD field surveys.[35] The final bin contains the remaining and largest particles that 
were measured during testing.
Results and discussion
Overall KE
CAS-POL vs. IOM samplers—Regression analysis on both the KECAS-POL,mass and 
KEIOM data found that spray type (pCAS-POL,mass 0.0001, pIOM < 0.0001) and pressure 
(pCAS-POL,mass= pIOM < 0.0001) were significant predictors of spray KE, while orientation 
(pCAS-POL,mass = 0.482, pIOM = 0.184) was not a significant predictor for either 
measurement method. The average overall efficiencies by mass for each spray/pressure 
combination calculated from the CAS-POL data and from the IOM filter weights are shown 
in Figure 3. For both measurement methods, the full cone spray had the highest KE (CAS-
POL: 35.6%, IOM: 26.4%) and the air atomizing spray had the lowest KE (CAS-POL: 
26.6%, IOM: 13.4%). On average, KECAS-POL,Mass was 12% higher than the KEIOM. Visual 
inspection of the data indicates that the CAS-POL measurements trend in a manner similar 
to the IOM measurements for each spray, which is supported by a reliability intraclass 
correlation coefficient (ICC) of 0.65 between the CAS-POL and IOM KE values. The IOM 
values had a coefficient of variation (CV) of 48.1% while the CAS-POL CV was 28.7%. 
These relatively large CV values were not unexpected; a previous study conducted in the 
same NIOSH test gallery found that static IOM samplers distributed across the gallery cross 
section could experience a CV of 24% due to position of the sampler alone.[49] Variation can 
also be attributed to the lack of uniformity of the dust within the test space. Higher air-
speeds and coarser dust can contribute to high concentration gradients.[50–52]
The comparison of these two measurement techniques would not be complete without some 
discussion of expected operation and variability of each instrument. A previous laboratory 
investigation by NIOSH found that the IOM has an average CV of 4.6% for varying test 
conditions.[49] The current study was the first conducted by NIOSH using the CAS-POL and 
was not optimized for establishing an instrument CV, although this is expected to be done in 
future work. The CAS-POL was mounted so that the inlet extended into the free-stream air 
while the IOMs were mounted behind and above the top of the CAS-POL wing. This could 
have resulted in the IOMs experiencing irregular flow patterns contributing to the increased 
CV as compared to the CAS-POL. In this study, the IOM sampled isokinetically while the 
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CAS-POL sampled superisokinetically, meaning it was less likely to draw in large particles 
than the IOM10. For mass-based measurements, large particles have a larger effect on the 
measurement than small ones, therefore as the number of larger particles are reduced during 
the knockdown phase, the CAS-POL will be more susceptible to over-estimating the 
reduction in large particles than the IOM. The IOMs are prone to handling and weighing 
errors that don’t apply to the CAS-POL collection process. However, both methods can be 
affected by the presence of water. The water in this study left a residue on the IOM filters 
that required a correction factor, while there was a potential for water particles to be 
misclassified as coal during the CAS-POL post-processing. In the case of the IOM, this 
could lead to an over- or under-estimation of the KE depending on the accuracy of the water 
blank measurement; for the CAS-POL, an underestimation of the KE could occur as 
outlined in the methods section. The CAS-POL is also prone to its interrogation windows 
becoming fouled over the course of testing. During the daily testing cycle the CAS-POL 
concentrations measured for each test phase decayed over the course of the day as the optics 
became dirty. This may be one reason that the CAS-POL KEmass values were higher than the 
IOM—the additional loss to the fouling over time would make it look like more material 
was lost in a test than actually.
KECAS-POL: Particle count vs. calculated mass—Due to this study’s use of 
particles with wide-ranging sizes, it is important to consider KE on a mass and count basis 
because a single large diameter particle will have greater influence on mass based 
calculations than many small particles. For example, it would take 8,000 1-μm coal particles 
to replicate the mass of a single 20-μm coal particle, meaning that knocking one large 
particle from the air will result in a large change in KEmass. Conversely, when determining 
KE based on particle count, all particles carry the same weight in the calculation.
The overall KECAS-POL,mass values for each spray, pressure, and orientation combination are 
shown in Figure 4. Overall, the full cone spray was found to have the highest efficiency 
(35.6%) followed by the wide flat fan (35.3%), and both were found to be significantly 
different in their performance compared to the air atomizing (26.6%), the narrow flat fan 
(27.9%) and the hydraulic atomizing (28.0%) sprays, which were the lowest performing 
sprays. The narrow hollow cone (33.9%) performance was significantly different to the air 
atomizing spray while wide hollow cone (33.3%) performance was not significantly 
different from any spray. From regression analysis, spray type (p = 0.0001, ) 
and operating pressure (p < 0.0001, ) were found to have a significant effect 
on KE, while orientation (p = 0.48, ) was not significant. The main trends 
observed for pressure were an increase in pressure led to increased KE, and at elevated 
pressure the atomizing spray’s KE was approximately 10% less than the single-fluid sprays.
The overall KECAS-POL,count for each spray, pressure, and orientation combination are 
shown in Figure 5. Overall, the air atomizing spray was found to have the highest efficiency 
(17.2%), but its average performance was not significantly better than the other sprays—
14.5% (wide flat fan), 13.5% (narrow hollow cone), 13.1% (full cone), 12.7% (narrow flat 
fan), 12.0% (wide hollow cone), and 11.8% (hydraulic atomizing). From regression analysis, 
operating pressure of the sprays was found to have a significant effect on the spray 
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performance (p < 0.0001, ), while spray selection (p = 0.0670, ) 
and orientation (p = 0.0731, ) were not significant.
As evidenced above, an air atomizing spray would be a good choice if the goal was to 
remove as many particles as possible from the airstream, but a full cone would be selected if 
the desired outcome is the removal of the most dust mass from the airstream. Regardless of 
KE calculation method, pressure remains a significant predictor of spray performance with 
increased pressure resulting in increased KE and increased pressure correlates with a 
decrease in droplet diameter (rSMD@0.3m = − 0.176, rSMD@0.6m − 0.142) and increase in 
droplet velocity (rV@0.3 = 0.108, rV@0.3 = 0.216).
KE by particle size
The KECAS-POL,count and KECAS-POL,mass values were calculated for each of the size bins 
described previously in the Methods section. Within each size bin, the KECAS-POL,count and 
KECAS-POL,mass were strongly correlated (ρ ≤ 4 = 0.829, ρ4-20 = 0.950, ρ>20 = 0.978). 
KECAS-POL,mass and KECAS-POL,count for each spray and bin size are shown in Figure 6.
D ≤ μm—For both KECAS-POL,count and KECAS-POL,mass with particles with a diameter ≤4 
μm, the air atomizing spray had the highest values, followed by the wide flat fan. For this 
size distribution, the least efficient spray using KECAS-POL,count was the full cone, whereas 
the spray with the lowest KECAS-POL,mass was the wide hollow cone spray. While the 
KECAS-POL,count values for each spray were not significantly different for any spray, the air 
atomizing spray was significantly different from the wide hollow cone spray and the narrow 
flat fan when using KECAS-POL,mass. The KECAS-POL,count and KECAS-POL,mass for the 
narrow hollow cone and hydraulic atomizing sprays were not significantly different from 
any of the other sprays. Regression analysis found that operating pressure (p < 0.0001) was a 
significant predictor of KECAS-POL,count and KECAS-POL,mass, with increasing pressure 
leading to increased KE. Spray type (p = 0.0162) was a significant predictor of 
KECAS-POL,mass but was not significant (p = 0.0577) for KECAS-POL,count. The KE for 
particles ≤4 μm are most strongly correlated to the overall KECAS-POL,count (ρcount = 0.915, 
ρmass = 0.865).
4 < D ≤20 μm—For both KECAS-POL,count and KECAS-POL,mass in this size distribution, the 
full cone spray had the highest KE, followed by the wide flat fan spray. The least efficient 
sprays differed between the two KE calculation methods, with the narrow flat fan having the 
lowest KECAS-POL,mass, and the wide hollow cone having the lowest KECAS-POL,count. As 
with the smallest size bin, regression analysis found spray type (pmass = 0.0008, pcount = 
0.0023) and pressure (pmass = pcount < 0.0001) to be significant factors, with positive 
correlation between pressure and KE. For particles between 4 and 20 μm, the KE values are 
strongly correlated to the overall KECAS-POL,mass (ρcount = 0.918, ρmass = 0.937).
D > 20 μm—There were no significant differences among the average performances of any 
of the sprays, and regression analysis found that only pressure (pmass = pcount < 0.0001) had 
a significant effect on spray performance. The average knockdown efficiencies listed from 
highest to lowest for each were: wide flat fan, wide hollow cone, air atomizing, full cone, 
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narrow hollow cone, narrow flat fan, and the hydraulic atomizing. The KE for particles 
larger than 20 μm are also strongly correlated to the overall KECAS-POL,mass (ρcount = 0.805, 
ρmass = 0.798), but the correlations are not as strong as those observed for the 4–20 μm size 
bin.
KE by location
Timestamp values were used to sort the particles counted by the CAS-POL into groups 
based on location and then used to calculate KECAS-POL,mass for each location sampled by 
the CAS-POL during the test. Four KECAS-POL,mass maps were selected that show the 
overall trends observed in these maps (Figure 7). The full cone spray was the best 
performing spray and the air atomizing was the lowest performing spray using 
KECAS-POL,mass. However, both sprays show similar KE patterns, with the upper right 
(region 5) and lower left (region 11) corners having some of the lowest KE values across the 
investigation area. KE is maximized toward the left side of the tunnel at mid-height (regions 
12–14). These trends held true for a majority of the sprays with some minor differences 
between cases, but the average standard deviation for each spray/pressure map was not 
significantly different between cases tested. The narrow flat fan spray had the largest 
difference in KE due to operating pressure changes. Again, the KE patterns change primarily 
in magnitude and not in relative location. One important difference observed in this 
particular spray is the presence of a sampling location that has a negative KE. The overall 
KE for the spray is positive, suggesting that dust-laden air is being moved into the lower left 
corner by the spray.
Conclusions
Several trends were observed in this study, as described below.
First, for all analyses, pressure was found to have a significant effect on spray performance 
for all particle sizes. Pressure increases are associated with an increase in water droplet 
velocity and a decrease in droplet diameter, both of which have been shown to contribute to 
increased capture efficiency.[19,22,53,54] Therefore, it is important to operate sprays at the 
highest pressure practical to achieve maximum performance. Spray orientation was not 
found to have a significant impact on spray knockdown performance.
Second, spray efficiencies increased as the dust particle size increased, which aligns with the 
findings of previous studies.[16,55,56] This is due to the different mechanisms that govern the 
capture efficiency of differently sized particles. Smaller particles (d < 1 μm) are primarily 
collected by diffusion, which has increasing efficiency with decreasing diameter, while large 
particles (d > 5 μm) are primarily collected through impaction, which increases in efficiency 
with increasing diameter.[8,57,58] In this study, the smallest bin size (d ≤ 4 μm) falls in the 
transition zone between small and large collection mechanics, possibly resulting in the low 
observed KE for this bin size. The two larger particle size bins used in this study followed 
the trend of increased efficiency with increasing particle size.
Finally, this study demonstrated that, while the measurements of KE by CAS-POL and IOM 
samplers are not interchangeable in their current form, the CAS-POL is able to capture the 
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impact of spray selection, operating pressure, and spray orientation on KE in a manner 
similar to IOM samplers. The overall KE values between the CAS-POL and the IOM 
samplers trend well for 13 out of 14 conditions, with the narrow hollow cone operating 
under high pressure having the most marked difference between the two measurement 
techniques. This may be due to a problem with the water blank taken for this condition, as 
the filter mass for this condition did not follow the trends observed in the other water blanks. 
Additionally, the IOM samplers are subject to error from the handling and processing of the 
filters, which may contribute to the increased CV as compared to the CAS-POL. The CAS-
POL reduces the period between test completion and data analysis because it does not 
require the same equilibration process required for the IOM samplers, reducing the time 
from test completion to data visualization to hours rather than days.
One limitation of the CAS-POL is that its KE measurement is not interchangeable with the 
IOM KE. However, this limitation does not outweigh the added detail the CAS-POL is able 
to provide. First, the average difference between the CAS-POL KE and IOM KE was only 
12%. Previous work has shown that 30% KE for a control in the laboratory is the threshold 
at which the control may begin to produce a measurable result in the field.[59,60] The 
primary goal of most industrial hygiene research is to maximize a control’s efficiency and, 
combined with the above guidelines, a difference of 12 percentage points between 
measurement techniques is not large enough to significantly affect design decisions. Second, 
the lean flammability limit concentration for low volatile bituminous coal remains relatively 
constant for particles less than 10 μm and then increases rapidly for particles over 20 μm.[61] 
Therefore, it is important to ensure that the particles that pose the greatest risk are being 
measured when establishing a FCD control KE. Under the conditions tested, the CAS-POL 
is sampling approximately 93% of the particles under 10 μm and 77% of the particles under 
20 μm based on isokinetic sampling theory.[62]
As mentioned above, the CAS-POL can provide additional information about the control KE 
as compared to the IOM. The IOMs in this study were fitted with nozzles allowing them to 
operate isokinetically, but they are still only able to provide a test averaged mass 
measurement. In comparison, the CAS-POL is able to provide post-test customizable size 
segregated KE values for the different test conditions. A more detailed understanding for a 
spray KE over the entire size range of FCD allows researchers to achieve more fine-tuned 
controls for deployment in the field. Since the CAS-POL position is tracked and the data for 
each particle is timestamped, the KEs for different areas over the entire test cross section can 
be examined. As the investigation area in this test was rather small (1.5 m2) compared to the 
full gallery (16 m2) and was relatively rectangular and free of flow disturbances, the KE 
across the tunnel did not vary greatly. Future tests will apply the results of this study 
utilizing multiple sprays in the full longwall gallery cross section in order to develop a 
control capable of reducing the amount of FCD that reaches the return. In this setting, large 
variations in flow are expected, and proper placement of sprays to maximize KE and 
minimize gaps in the control is important.
In summary, this study found that operating pressure was the most important consideration 
when attempting to maximize KE and that orientation into or against the airflow did not 
have a large effect on KE. In general, the single-fluid mining sprays, with the exception of 
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the hydraulic atomizing, achieved a similar performance that was above that of the air 
atomizing spray in the presence of FCD. A new instrument (CAS-POL) was used in 
conjunction with gravimetric samplers (IOM) in each test, and although the KEs measured 
by each were significantly different in magnitude, the responses in KE to changing test 
conditions were similar enough to warrant further use of the CAS-POL in future studies. The 
CAS-POL was also able to provide insight into the KE for different particle size 
distributions and locations within the test space, which will aid researchers in future studies 
aimed at developing a full-scale water curtain that will reduce the amount of airborne FCD 
able to settle in the mine airways, thus reducing the risk of coal dust explosions in 
underground coal mines.
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Schematic of the NIOSH longwall gallery with cross section of the gallery after brattice 
curtain created a rectangular tunnel and picture of the CAPS and IOM instruments. The plus 
marks indicate the stationary measurement locations during each test.
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Number of particles used to calculate efficiencies for each dust particle size bin.
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Graph of overall average KE calculated from estimated mass measured by the CAS-POL 
and from actual mass of IOM filters for each spray and pressure combination (standard 
deviation represented by the error bars).
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Graph of overall efficiencies based on mass of particles calculated from CAS-POL data for 
each spray, pressure, and orientation combination.
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Graph of overall efficiencies based on particle count from the CAS-POL for each spray, 
pressure, and orientation combination.
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Graph and data table of KE for each size distribution of coal dust as calculated by mass 
(solid bars) and particle count (hatched bars) from CAS-POL size data.
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KECAS-POL,mass maps generated using CAS-POL mass data for the most efficient spray, full 
cone (FC59), the least efficient spray, air atomizing (AA21), and the spray that had the 
largest change due to pressure effects, narrow flat fan (FF25).
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